Abstract: Conversion of native rainforest ecosystems in Limón Province of Costa Rica to banana and pineapple monoculture has led to reductions in biodiversity and soil quality. Agroforestry management of cacao (Theobroma cacao) is an alternative system that may maintain the agricultural livelihood of the region while more closely mimicking native ecosystems. This study compared physical, biological and chemical soil quality indicators of a cacao plantation under organic agroforestry management with banana, pineapple, and pasture systems; a native forest nearby served as a control. For bulk density and earthworm analysis, 18 samples were collected between March and April 2012 from each ecosystem paired with 18 samples from the cacao. Cacao had a lower bulk density than banana and pineapple monocultures, but greater than the forest (p<0.05). Cacao also hosted a greater number and mass of earthworms than banana and pineapple (p<0.05), but similar to forest and pasture. For soil chemical characteristics, three composite samples were collected in March 2012 from each agroecosystem paired with three samples from the cacao plantation. Forest and pineapple ecosystems had the lowest pH, cation exchange capacity, and exchangeable nutrient cations, while cacao had the greatest (p<0.05). Total nutrient levels of P and N were slightly greater in banana, pineapple and pasture than in cacao; probably related to addition of chemical fertilizer and manure from cattle grazing. Forest and cacao also had greater %C, than other ecosystems, which is directly related to soil organic matter content (p<0.0001). Overall, cacao had more favorable physical, biological and chemical soil characteristics than banana and pineapple monocultures, while trends were less conclusive compared to the pastureland. While organic cacao was inferior to native forest in some soil characteristics such as bulk density and organic carbon, its soil quality did best mimic that of the native forest. This supports the organic cultivation of cacao as a desirable alternative to banana and pineapple monoculture. Rev. Biol. Trop. 62 (3): 887-897. Epub 2014 September 01.
in the Caribbean coastal plain of Costa Rica, conversion of native rainforest ecosystems to monocrop agriculture production has led to habitat loss and biodiversity reductions (vaughan, Ramírez, Herrera, & Guries, 2007) . Agroforestry systems, consisting of shade trees integrated among primary crops, can more closely mimic the floral and faunal biodiversity of native forests. Past research has shown that after many years of agroforestry management, fields can attain levels of soil quality equal to those of an adjacent native forest system (isaac, Gordon, Thevathasan, Oppong, & QuashieSam, 2005) .
One crop that is commonly grown under agroforestry management is cacao (Theobroma cacao). Previous studies indicated that, in comparison to monocrop systems, cacao cultivation has larger nutrient inputs, reduced nutrient losses, and better soil physical properties such as penetrability and bulk density (Young, 1989; isaac et al., 2005; McNeely & Schroth, 2006; vallejo, Roldan, & Dick, 2010; Tully & Lawrence, 2011 ).
Soil health is very important to successful agriculture. A high quality soil provides an environment for optimum root growth that enhances crop health and productivity (Baldwin, 2006) . Beyond merely enhancing the growth of one desired crop, a balanced, healthy soil can sustain the productivity of other animals and plants, support human health, and improve the quality of air and water (Doran, Sarrantonio, & Liebig, 1996; Bonanomi et al., 2011) . Because healthy soil can benefit whole ecosystems, analyzing the soil quality of a certain system of agriculture can provide a strong case for or against its environmental sustainability.
Soil quality is a complex entity that cannot be measured directly. instead, physical, chemical and biological indicators must be considered. Physical factors such as bulk density give an indication of the quality of soil for adequate root growth and movement of water and air (USDA, 1999) . in addition, macroinvertebrate and microbial communities are essential factors to consider in the maintenance of soil fertility, because they play crucial roles in influencing physical and chemical properties of the soil (Sánchez-de Leon, de Melo, Soto, JohnsonMaynard, & Lugo-Perez, 2006) . it is also very important, especially in tropical ecosystems, to maintain high levels of soil organic matter, because this is the primary source of energy, nitrogen and soil structure for soil and plant ecosystems (Sánchez-de Leon et al., 2006) . Compared to monocrop systems, agroforestry has been shown to have more abundant and diverse microfauna, and greater levels of soil organic matter (Sánchez-de Leon et al., 2006) .
One can also note differences in the soil quality of farms under organic vs. conventional management. The use of chemical fertilizers and pesticides on "conventionally" managed farms can lead to polluted runoff that has detrimental effects on the organisms in the wider ecosystem (Castillo et al., 2006) . These chemicals can also affect soil health.
The purpose of this study was to compare physical, biological, and chemical indicators of soil quality on an organic cacao farm under agroforestry management with conventional banana and pineapple monocultures, as well as a neighboring pasture and fragment of primary rainforest. i also compared the soil quality of organic and non-organic cacao cultivation. By adding to the body of research surrounding this topic, i aimed to strengthen the case for cacao agroforestry as an alternative agriculture method that can mitigate the negative effects of deforestation while still providing a livelihood for area farmers.
MATERiALS AND METHODS

Study area:
The study area is located in Pueblo Nuevo de villa Franca de Guácimo, in Limón Province, Costa Rica (10º20' N -83º20' W). This area receives a mean annual rainfall of 6 000mm with a mean air temperature of 26ºC and is located 40m above sea level, in the Premontane Wet Forest Life Zone (Holdridge, 1964; vaughan et al., 2007) . Major soil types (sub-group/great group/suborder/order) on this farm and surrounding areas include typic tropoquept, aeric tropoquept, aquic eutropept, aquic dystrandept, and oxic dystrandept (Obando, 1982) .
The primary study site is a 110ha cacao plantation that has been under organic management since 2002. This land was originally primary rainforest, but was managed as livestock pasture for many years before its conversion to cacao agriculture in the 1980s. The primary tree crop, Theobroma cacao, is maintained under shade trees Eucalyptus deglupta, Cocos nucifera, Leucaena leucocephala, and Musa acuminata (R. Wieme, unpublished). Organic fertilizer made of composted coffee husks is applied biannually, and since 2011 an organic herbicide has been applied for weed control; no chemical fertilizers or pesticides have been used in the prior 13yrs. A subterranean system of drainage tubes was installed in 1997 to help maintain adequate soil moisture content (G. Herrera, pers. comm., wesgeova@yahoo.com). There is a strip of cacao farmland bordering the adjacent banana plantation on which the cacao is officially classified as conventional.
Special section (ACM) Costa Rica program
A large banana (Musa acaminata) monoculture borders the cacao plantation on the west and is maintained with regular applications of chemical fertilizers, insecticides, and fungicides. Pasture for cattle grazing borders the north side of the cacao plantation. These pastures consist mainly of African star grass (Cynodon nlemfuensis) with some large isolated trees like Coussapoa villosa, Ocotea sinuata, Erythrina poeppigiana and Hura crepitans and are not chemically treated (vaughan et al., 2007) . A fragment of native primary forest is located approximately 2km northeast of the cacao plantation. i also studied a pineapple monoculture that is maintained conventionally with chemical fertilizers, insecticides, fungicides and an intensive system of open drainage ditches. This pineapple monoculture existed on very similar soil types as those of the cacao plantation. Selection of sampling sites: i selected sampling sites on similar soil types located on roughly the same topographical features, according to an available soil types map (Obando, 1982) . To compare banana and pasture with cacao, i selected six paired plots along the cacao plantation with each plot located approximately 15m perpendicular to the border between cultivation types. i also designated six study sites in the pineapple plantation and three control sites in the natural primary forest. For analysis, these sites were paired with six cacao sites to minimize variation due to sampling time; samples for bulk density and earthworm abundance from paired sites were collected on the same day.
On-site analysis of bulk density: At each sampling site described above, i extracted three core samples of known volume to approximately 10cm depth at each sampling site; i weighed these samples to determine their fresh weight. A subsample of each soil core was weighed, dried in a microwave oven until mass no longer decreased, and then weighed again to determine dry weight. On-site analysis of earthworm abundance: Using a 25x 25cm quadrant frame, i excavated the soil at each paired sampling site to a depth of 20cm and searched by hand for earthworms (Gregory, Shea, & Bakko, 2005; Sánchez-de Leon et al., 2006) . i obtained three replicates at each sampling site and determined the total number and mass of earthworms. Because earthworm abundance varied greatly depending on weather, earthworms from paired sites were collected on the same day; all samples were collected between March 8 and April 19, 2012.
Laboratory analysis of soil samples:
For chemical laboratory analysis, i took samples at three of the six paired sampling sites for each agricultural ecosystem on March 27, 2012. At each site, i combined five cores, 10cm deep by 4cm wide. Samples were sent to the Centro de investigaciones Agronómicas at the University of Costa Rica, San Pedro de Montes de Oca for laboratory analysis. Chemical laboratory analysis included pH, acidity, cation exchange capacity, concentrations of macro-and micronutrients, %C and %N.
i used Statgraphics Centurion Xvi software (Statpoint Technologies, inc., 2012) to analyze each soil quality indicator separately for significant differences between crop types. For analysis of the forest ecosystem, i used one-way ANOvA tests. The other ecosystems were compared to their corresponding paired sites in the cacao using paired comparisons two-way parametric ANOvA tests, in order to account for some of the inherent microscale variation in soil characteristics. All ANOvAs were performed after testing for normality and homogeneity of variance (Sokal & Rohlf, 2012) . Unplanned comparisons of means were estimated with least significant, Tukey or Scheffe confidence intervals.
RESULTS
Bulk density: Among all ecosystems, mean soil bulk density was greatest in pineapple ( =0.79g/cm 3 ) and lowest in forest ( =0.48g/cm 3 ) (F=13.1; df=7, 127; p≤0.0001, Fig. 1 ). Forest soil bulk density was less than any other crop, including its paired cacao site (0.66g/cm 3 ) (p<0.05, Fig. 1 ). Banana ( =0.69g/cm 3 ) had greater bulk density than its corresponding paired cacao sites ( =0.61g/ cm 3 ) (F=19.92; df=1, 24; p=0.0002; Fig. 1 ). Pineapple ( =0.79g/cm 3 ) also had greater bulk density than corresponding paired cacao sites ( =0.66g/cm 3 ) (F=28.17; df=1, 24; p≤0.0001; Fig. 1 ). The pasture system ( =0.60g/cm 3 ) did not differ significantly from its paired cacao site ( =0.61g/cm 3 ) (F=1.73; df=1, 24; p=0.20, Fig. 1 ).
Earthworm abundance: Mean number of earthworms did not differ significantly between forest ( =13.9) and cacao ( =15.1) (F=0.16; df=1, 16; p=0.69; Fig. 2 ). There was also no significant difference in earthworm mass between forest ( =2.93g) and cacao ( =3.55g) (F=0.76; df=1, 16; p=0.3965). There were fewer earthworms in the banana plantation ( =1.8) than in its corresponding paired sites of cacao ( =8.6) (F=38.86; df=1, 24; p<0.0001; Fig. 2 ). There was also a lower earthworm mass in the banana ( =0.39g) than corresponding cacao sites ( =1.73 g) (F=7.36; df=1, 16; p=0.0153). in the pineapple plantation, there was a lower number ( =1.5) and mass ( =0.24g) of earthworms than in the corresponding paired sites in the cacao (number:
=8.0; mass: =1.86g) (number: F=48.03; Physicochemical soil characteristics: Mean pH was lower in the forest ( =4.3) than the cacao ( = 5.8) (p<0.01; Table 1 ). Pineapple ( =4.6) also had a lower pH than its corresponding cacao paired sites ( =5.8) (F=61.7; df=1, 2; p=0.0158; Table 1 ). in addition, pasture sites had lower pH ( =5.2) than corresponding cacao paired sites ( =5.6) (F=24.14; df=1, 2; p=0.0390; Table 1 ). Banana pH ( =5.7) did not differ significantly from its corresponding paired sites in the cacao ( =6.0) ( Table 1) .
Cation exchange capacity (CEC) was greater in the cacao ( =22.55cmol + /L) than the forest ( =10.45cmol + /L) (p<0.05; Table 1 ). Cacao CEC was also greater ( =22.55cmol + /L) than in corresponding paired sites of pineapple ( =16.74cmol + /L) (F=53.9; df=1, 2; p=0.0087; 
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=0.52cmol + /L). The K + concentration in pasture ( =0.28cmol + /l) tended to be less than that in cacao ( =0.50cmol + /L) ( Table 1) .
Total nutrients:
Mean phosphorus levels were significantly greater in forest ( =25.6mg/L) than cacao ( =12.3mg/L) ( Table  2 ). in the other ecosystems, there was great variation in P levels among sampling stations, even within the same ecosystem. Although there were no significant differences between ecosystems, the organic cacao consistently had a lower mean P level than its corresponding paired sites in banana, pineapple, and pastureland (Table 2) .
Mean percentage of N did not differ significantly between forest ( =0.49%) and cacao ( =0.37%) (p>0.05; Table 2 ). Other ecosystems showed very similar mean %N values which did not differ significantly from corresponding paired sites in the cacao; values ranged from 0.37% to 0.47% with the exception of pineapple, which had a much lower %N ( =0.15%) than its paired cacao sites ( =0.37) (F=43.6; df=1, 2; p=0.0222; Table 2 ).
Soil organic carbon:
Mean percentage of organic carbon (%C) did not differ significantly between the forest ecosystem ( =5.59%) and cacao ( =3.85) (p>0.05; Table 2 ). However, mean percentage of C was lower in the pineapple ( =1.34%) than corresponding paired sites in the cacao ( =3.85%) (F=82.6; df=1, 2; p=0.0119; Table 2 ). Percentage of C in banana and pasture did not differ significantly from that of corresponding paired sites in organic cacao, ranging from 3.88% to 4.39% (Table 2 ).
All results of the above comparisons (Tables 1, 2) for "conventional cacao" plots did not differ significantly from those of their paired sites in the organic cacao.
DiSCUSSiON
Soil bulk density is an indication of soil physical structure. A lower bulk density facilitates unrestricted root growth, oxygen and water flow through the soil (USDA, 1999).
The lower bulk density in the forest and cacao indicated that the soil structure in these systems was more favorable for plant growth than that of the banana and pineapple monocultures. This could be associated with the greater abundance of earthworms and more complex root structure in these agriculture systems. Abundant trees in these systems also add organic material to the soil through litterfall which may contribute to lesser soil compaction. Ten years of organic compost addition to the cacao soil probably was the greatest factor in improving its soil bulk density. in contrast, all natural vegetation is removed from the banana and pineapple plantations for "monocrop" cultivation, leaving the soil exposed to the elements. intensive cropping, trampling of soil by workers, lack of organic material addition, and pounding of rain can compact the soil, leading to an undesirably high bulk density (Hajabbasi, Jalalian, & Karimzadeh, 1997) .
The soil in the cacao had a greater bulk density than that in the forest, suggesting that while preferable to banana and pineapple monoculture, agroforestry management did not attain a soil structure as favorable as the natural forest. A study of livestock pasture found a similar relationship between cacao and forest bulk density, showing that an agroforestry system had intermediate levels of soil compaction and bulk density between a conventional monocropped pasture and natural forest (vallejo et al., 2010) . While i didn't find significant differences between cacao and pasture, the cacao plantation was previously managed as pasture before its conversion 30 years ago; previous research has found that, over time, soil under agroforestry management can continue to decrease in bulk density (isaac et al., 2005) .
Earthworm abundance was greater in the cacao than in the monoculture banana and pineapple systems, and was similar between the cacao and forest. This suggests that agroforestry management of cacao better mimics the macroinvertebrate population of a natural rainforest. This could be related to the presence of shade trees in the cacao and forest, which create a favorable environment for earthworms.
A study of earthworms in coffee plantations in Turrialba, Costa Rica found that earthworm density and fresh weight were greater in plantations under shade vs sun, and organic vs. conventional management (Sánchez-de Leon et al., 2006) .
Earthworms usually have positive effects on soil quality: as they feed and burrow through the soil, they aid in decomposition of organic matter, nutrient cycling, microbial activity, soil porosity and bulk density Brown et al., 1999) . However, they can also negatively affect agricultural production by competing with plants for water and nutrients (Brown et al., 1999) . The specific benefits or drawbacks to earthworm presence depend on the type of agricultural system and the species of earthworms present , Brown et al., 1999 . Exotic earthworms can replace native species, reducing the productivity of the ecosystem . Exotics can tolerate a wider range of soil conditions, while native earthworms usually can't survive in disturbed ecosystems like banana or pineapple monocultures (Lee, 1983) . Case studies have shown that in tropical ecosystems native earthworm species are more likely to be maintained when there are many trees, chemicals are not used, and organic inputs are dominant in the system . it was not within the scope of this study to classify the earthworms found in the different agricultural systems into species or functional groups, but future studies might find that the species composition of earthworms differs depending on the agricultural system.
Regarding physicochemical soil characteristics, the more neutral pH that i found in cacao as compared to the banana and pineapple monocultures is consistent with previous research showing greater pH in agroforestry than monocultures (Sharma et al., 2009) . in tropical forest and agroforestry systems, the deposition of bases over many years of tree growth can increase the pH of the soil, buffering the effects of nutrient leaching (Young, 1989; Nair, Buresh, Mugendi, & Latt, 1999; Sharma et al., 2009) . The pH in the native forest was the lowest of all ecosystems studied. Forests in the humid tropics of Latin America have a greater percentage of acid soils (82%) compared to those in Africa (56%) or Asia (38%) (Sánchez, 1987) .
Cation exchange capacity (CEC) indicates the nutrient retention capability of a soil by measuring the quantity of available negative charges to which nutrient cations such as K + , Ca 2+ , and Mg 2+ can bind. A greater CEC provides a potential bank of nutrients to replace those taken up by plants or leached by rainwater (Camberato, 2001) . Soil with greater quantities of clay and organic matter tends to have greater CEC (Camberato, 2001) . in my study, CEC was lowest in the native forest, even though it had a greater amount of organic carbon. This is probably associated with the low pH in the forest; more acidic soils have fewer negative charges, and many of the binding sites are occupied by H + and Al 3+ cations (Al 3+ is present in cation form at pH lower than 5.0) (Lines-Kelly 1993) . This trend of increasing CEC with greater pH carried overall among all ecosystems. Of the agricultural systems, CEC was lowest in the banana and pineapple monocultures, intermediate in the pasture, and greatest in the cacao. This is consistent with the results of a past study which found significantly greater CEC under an agroforestry system than pastoral land, and consequently greater CEC under pastoral than arable land (Sharma et al., 2009) .
Regarding exchangeable nutrient cations, such cations as Ca 2+ , Mg 2+ , and K + occupy the negative binding sites in the soil indicated by CEC. As with CEC, native forest had the lowest levels of Ca 2+ , Mg 2+, and K + of all ecosystems. This contradicts past research which suggests that decomposition of litterfall and neutral soil reactions lead to greater nutrient cation concentrations in tree-based systems (Lal, 1989; Sharma et al., 2009) . Greater nutrient cation concentrations in the agricultural systems may be attributed to the application of fertilizer, whether organic (such as the compost used in the cacao) or chemical (for example, it appeared that calcium carbonate had recently Special section (ACM) Costa Rica program been applied to the banana plantation when soil samples were taken). The cacao had significantly more Ca 2+ than pasture or pineapple sites, and while i did not find a significant difference between banana and cacao, this may have been related to the recent application of calcium carbonate in the banana. Differences among agricultural systems in Mg + and K + were not as great, although previous research has found that agroforestry systems have greater amounts of these nutrients than pastoral or arable land (Sharma et al., 2009) .
Regarding total nutrients, cacao tended to have lower levels of phosphorus (P) than its corresponding paired sites in the banana and pineapple although these differences were not significant. P was also significantly greater in the forest than the cacao. Nitrogen (N) percentage did not differ as greatly among ecosystems as P, but was significantly lower in the pineapple than the cacao. These results contradict previous studies which have shown that levels of N, P, and potassium were all greater under tree cover than in open field monocultures (Aggarwal, 1980; Radwanski & Wickens, 1981; Young, 1989) . The greater levels of P in banana and pineapple may be explained by chemical fertilizer application which artificially increases nutrient levels. Future studies analyzing nutrient content of rainwater runoff would help determine if nutrients such as N and P are being applied in excess, an economically ineffective and environmentally damaging practice.
Cacao also had slightly lower P and %N than pasture. Sharma et al. (2009) attributed higher levels of N and P in pastoral land than an agroforestry system to nutrients added by manure from grazing cattle.
Regarding soil organic carbon, the percentage of organic carbon in the soil is directly related to the soil organic matter (SOM), and can therefore be used to model SOM levels. While not significantly different, the forest did have greater %C than the cacao and the greatest %C overall. Although the only ecosystem with a significantly lower %C than organic cacao was pineapple; banana had slightly lower %C as well. Previous research has also found greater SOM in native forest and agroforestry systems than monocropping, which has been attributed to greater root biomass and litterfall (Szott, Fernandes, & Sánchez, 1991; Madhumitha, Singh, & Khan, 1997; Sharma et al., 2009) . The pasture had a slightly greater %C than its paired sites in the cacao, but not significantly so. Past studies comparing pasture and agroforestry systems have had conflicting results: some found that pasture has the capacity to sequester more carbon, while others found more carbon in agroforestry systems (Lantz, Lal, & Kimble, 2001; Sharma et al., 2009 ).
This study indicates that organic agroforestry management of cacao results in soil with greater overall quality for plant and animal health than banana and pineapple monocultures. Shade trees add organic material through litterfall and provide a haven for wild animals, which in turn add their own nutrients and organic matter to the soil. The lack of chemical additives allows native macroinvertebrates such as earthworms to flourish, which also improves bulk density and nutrient content. When agriculture is managed to mimic a native rainforest ecosystem, the results of this study showed that many factors work together in a complicated net of interactions to maintain soil fertility.
Banana and pineapple monocultures, in contrast, maintain high levels of productivity only with the addition of chemical fertilizers and pesticides. As this study shows, soil quality is reduced; it is unlikely that this soil will support such aggressive management for many years without a drastic decline in productivity.
Because many residents of Limón Province rely on agriculture as their livelihood, it is essential to maintain the fertility of the soil so that it can support the healthy crop growth in future generations. Banana and pineapple growers may try to mimic the agroforestry approach of cacao production, imitating as closely as possible the native ecosystem. This might involve allowing ground cover to prevent soil compaction; finding organic alternatives to fertilizers and pesticides; or even developing a more integrated agroforestry approach like that of the cacao plantation. There are examples of the successful cultivation of banana and pineapple alongside other crop plants (such as cacao) in agroforestry systems (Khaleque & Gold, 1993; Jose, 2009) . Agroforestry management of not just cacao but banana and pineapple as well may indeed be the best way to maintain soil quality in the region.
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RESUMEN
Efectos de sistemas agrícolas diferentes sobre calidad de suelos en el norte de la provincia de Limón, Costa Rica. Muchos de los ecosistemas boscosos naturales de la provincia de Limón, Costa Rica, se han convertido en monocultivos de banano y piña, lo que ha reducido la biodiversidad y la calidad de los suelos. El manejo agroforestal del cacao (Theobroma cacao) es un sistema alternativo, que puede generar ingresos para los agricultores de la región mientras imita mejor los ecosistemas nativos. En esta investigación se compararon los indicadores físi-cos, biológicos, y químicos de la calidad del suelo en un cacaotal orgánico y agroforestal, una plantación bananera, una piñera, un potrero y un bosque natural. En general, el suelo del cacaotal tuvo características físicas, biológicas y químicas mejores que los monocultivos de banano y piña, mientras las tendencias en comparación con el potrero fueron menos marcadas. Aunque algunas características del suelo en el cacaotal orgánico, como densidad y cantidad de carbono, fueron inferiores al bosque nativo, la calidad del suelo en el cacaotal imitó mejor la del bosque nativo. Los resultados de esta investigación apoyan el cultivo de cacao como una alternativa deseable al monocultivo de banano y piña.
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